INTRODUCTION
One of most recently arising problems that remains of interest concerns the effect of unsteadiness on gas turbine heat transfer. It is well known that turbomachinery flow fields are inherently unsteady because of the disturbances generated by the relative motion of airfoils located upstream. Significant current research is directed at determining the influence of flow-field unsteadiness on the blade heatflux and the surface-pressure unsteadiness on the blade heat-flux and the surface-pressure distributions, on the inner blade-row gas dynamic parameters, on the state of the blade and vane surface boundary layers, and on the stage efficiency.
Turbine airfoil unsteadiness develops from four difference sources: co potential flow interactions; (ii) shock wave passage; (iii) wake passage; and (iv) random free-stream turbulence from the combustion chamber. Of these, potential flow interactions and passing shock waves are recently recognized to have dramatic effect on film cooling 1996b , 1996c . This is because both result in important variations of the static pressure near turbine airfoil surfaces as blade rows move relative to each other. These occur near cooling hole exits as well as in the boundary layers just downstream of the injection holes. As a result, coolant flow rates pulsate at film hole exits, and injectant trajectories and coverage vary with time downstream of the film holes. A few studies are known to address the effects of passing wake flows on film cooling (Dring et al., 1980; Takeishi et al., 1991; Mehendale et al., 1994; Ou etal., 1994; Ou and Han, 1994; Ekkad et al., 1996; Kuk et al., 1996) . Two of these (Dring etal., 1980; Takeishi et al., 1991) also include some indications of potential flow interaction effects on film cooling. Studies which address the influences of shock waves and passing wakes on film cooling are conducted by Norton et al., (1990) , Rigby et al. (1990) , Abhari and Abhari (1996) . However, only limited attention is devoted to boundary layer structure or on fundamental mechanisms which result in changes to local heat transfer with unsteady film cooling. With a significant gap in this type of data there needs to be a better understanding of the interaction between unsteadiness and film cooling, which could lead to aircraft engines with higher power-to weight-ratios, improved performance, and fuel savings.
In recent investigations of the fundamental changes to boundary layer structure, which occur as bulk flow pulsations are imposed on film cooled boundary layers (Ligrani et al., 1996a (Ligrani et al., , 1996b (Ligrani et al., , 1996c (Ligrani et al., , 1996d , it was found that the pulsations produce important changes to the flow structure especially because the film instantaneously changes its momentum and position in the boundary layer over each pulsation period. In these studies, the static pressure and streamwise velocity pulsations from potential flow interactions and passing shock waves are simulated using an array of rotating shutters located at the exit of the wind tunnel test section (Carlsson, 1959; Al-Asmi and Castro, 1993) . Ligrani et al. (19966) further show that film concentrations move to and from the wall with each imposed bulk flow pulsation which often gives a different mean-injectant trajectory, and acts to spread the same amount of injectant over a larger volume. As a result, important changes to time-averaged injectant distributions occur which indicate important changes to film cooling protection.
This study investigated the effect of bulk flow pulsations on film cooling from two rows of holes with inline and staggered arrangements with a single row injection as a baseline study. Two-row injection is important because the phase lag between the two rows may cause changes to the film cooling effectiveness. In two-row injection system another time scale represented by the hole-pitch Strouhal number , besides the free-stream Strouhal number and coolant Strouhal number . The physical meanings are described in Ligrani et al. (1996b) . Here, f is the pulsation frequency, s is the pitch between the two rows, U_ is the mean velocity of the free-stream, 3 is the freestream boundary layer thickness, I is the injection hole length, and Uc is the mean velocity of the injectant. The time-averaged and phaseaveraged injectant-free-stream mixed temperature distributions and the spanwise-averaged film cooling effectiveness results are presented.
EXPERIMENTAL APPARATUS AND PROCEDURES
The experimental facility and film cooling hole arrangements are depicted in Figure 1 . The wind tunnel is a blow-down type with a cross-section of 225 mm x 135 mm. Wind tunnel velocity can continuously vary up to 35 in/s. Spatial uniformity of mean velocity and turbulence intensity measured by a hot wire anemometer at a mean m/s are less than 0.1% and 0.2%, respectively. The test section is made of acrylic and is 2.6 m in length. A trip wire is attached at the inlet of the test section to ensure a turbulent boundary layer. The blower is connected to the plenum chamber using a flexible tube in order to minimize blower vibration.
Film hole diameters are 15 mm and the first upstream row is located 20D downstream from the inlet of the test section. Two kinds of hole arrangements are considered: inline and staggered. Origin of the streamwise coordinate, x, is located at the center of the downstream hole. Hole pitch and the spanwise distance between the rows are both 3D. The hole has a simple angle orientation of 35' to the surface and velocity of 10m/s are less than 0.1% and 0.2%, respectively. The test section is made of acrylic and is 2.6 m in length. A trip wire is attached at the inlet of the test section to ensure a turbulent boundary layer. The blower is connected to the plenum chamber using a flexible tube in order to minimize blower vibration.
Film hole diameters are 15 mm and the first upstream row is located 2013 downstream from the inlet of the test section. Two kinds of hole arrangements are considered: Milne and staggered. Origin of the streamwise coordinate, x, is located at the center of the downstream hole. Hole pitch and the spanwise distance between the rows are both 3D. The hole has a simple angle orientation 6f 35' to the surface and wall length of 71). Injectant temperature is controlled to within ±0.2t by using a heat exchanger and a constant thermal bath whereas the free-stream temperature is controlled to within Static pressure pulsations are produced in the test section using rotating shutters located at the exit of the test section similar to the one described in Ligrani et al. (1996b) . Two shutter blades are used and are operated by a timing belt driven by a DC motor. The DC motor generates signals of pulsator's angular positions, which are utilized for the accurate evaluation of phase-averaged values such as temperature contours.
An instantaneous value 0 can be decomposed as follows:
( 1) where 00 is the time-averaged value, 6 is the phase-averaged periodic component and 0 is the fluctuating component. The timeaveraged and phase-averaged values are evaluated in the following way.
Figure 1. Experimental set-up and film cooling hole arrangements
where k is the number of equal divisions in a period, j is the number of periods, and i is the number of data in a division.
The temperature field is measured using a cold wire of 1 gm in diameter with a constant current anemometer. The frequency response of the cold wire is I kHz. The cold wire is calibrated using a platinum resistance thermometer, which has a relative error of 0.1%. The timeaveraged quantities are obtained using a multimeter which has a resolution of 10 nV, and the phase-averaged quantities are obtained using an A/D converter. The phase-averaged value is obtained in such a way that it is averaged according to the angular signal from the encoder of the motor, and then avenged over more than m = 500 pulsation periods. One rotation includes 2 pulsation periods and the phase-averaged values are evaluated over n = 72 divisions in a period. The sampling period is determined to accommodate more than 500 data in a period.
Injectant-freestream mixed temperature distribution is presented in terms of dimensionless temperature defined as
where T0 is the mean freestream temperature and T, is the mean coolant temperature. Film cooling effectiveness distribution is obtained from the adiabatic test wall where 108 T-type thermocouples are installed. The temperature measurement plate is made of gold coated intrex with 301im in thickness. Under the gold film a leitan plate of 3 mm in thickness is attached, which is followed by stylen foam of 50 mm in thickness for insulation. The thermocouple is installed in the gold film, which is drilled through the lexan plate. The temperature difference between the lower and upper surfaces of the lexan plate is less than 5% of the temperature difference between the temperatures of injectant and free-stream. Film cooling effectiveness is defined as (5) Measurement error may occur due to imperfect insulation as follows:
where q, and tic are heat losses due to radiation and conduction, respectively. Uncertainty due to radiation and conduction losses from the wall is estimated as 2.5%. In the evaluation of uncertainty, k value is taken from Hay etal. (1985) . Uncertainty estimates are determined based on 95 percent confidence levels using the method described by Kline and McClintock (1953) . The temperature measurement error is (Abhari & Epstein, 1994) . Figure 2(b) shows the phase lag between the instantaneous free-stream velocity at x/!) = -4 and the opening of the shutter blades. This phase lag indicates the phase difference between the free-stream velocity and the static pressure.
The difference between the measured value and calculated one is due to unsteadiness. The phase lag is calculated by (Ma) x 360', where A is the distance between the point at x/D = -4 and the location of shutter blades (A = 241 cm), and a is the speed of sound. The phase lag varies almost linearly with frequency and the difference from the calculated value increases slightly as the frequency increases. Figure 3 shows time-averaged temperature contours in the crosssectional plane of the boundary layer from the single row of holes at f,= offal)
RESULTS AND DISCUSSION

Time-Averaged Temperature Contours
where a is the speed of sound and L is the distance from the inlet of the test section to the pulsator. The odd multiples of this frequency can also be other resonance frequencies. Resonance frequency is evaluated as about 13 Hz without taking into account the acoustic attenuation effects due to the grids, the honeycomb structure and the heat exchanger installed in the wind tunnel. The actual resonance frequency will be lower if the acoustic attenuation effects are considered. In most cases, it is regarded as the resonance frequency when it has nearly a pure sine wave form. In this experiment, it is observed that the primary resonance frequency is about 8 Hz. In the frequency range higher than the resonance frequency, the wave form is distorted because the harmonic frequency is superimposed on the base sine wave. The distortion appears largest when the frequencies are even multiples of the resonance frequency.
In the present experiment, the mean free-stream velocity is fixed at 10 m/s for a Re, = 160,000. The boundary layer thickness measured at the film hole location is about 13 mm (SD = 0.87). The injectant is heated in order to measure the mixed injectant temperature distribution therefore the density ratio of the injectant to free-stream fluid is 0.98. Three different pulsation frequencies of 4, 20 and 40 Hz are considered and the corresponding Strouhal numbers are summarized in Table I . Typical St, values for operating turbine range from 0.2 to 6.0. In Table 1 , the mean blowing ratio in is defined as the ratio of the mean injectant velocity at the center of a hole to the mean free-stream velocity. Thus, the actual blowing ratio based on the mass flux will be slightly less than the defined blowing ratio.
The amplitude of the free-stream velocity and phase lag with frequency variations are shown in Figure 2 . As shown in Figure 2(a) , the normalized amplitude at 4 Hz is about 22% of the free-stream mean velocity and it decreases as frequency increases. The decreasing It is seen that thediffusion rate of the injectant is dramatically increases as the pulsating frequency increases. Distributions at higher frequency is less concentrated and more spread out. As the frequency increases, the amplitude of the free -stream velocity decreases (see Figure 2(a) ). However, the phase lag between the static pressure and free-stream velocity increases (see Figure 2(b) ) because of the contribution of unsteady term in the following equation, which is the Euler equation for inviscid unsteady flow along a streamline (Ligrani et al., 1996a) .
The distribution at 4 Hz (Figure 3(b) ) is more spread out in the vertical direction than at 20 Hz, because the amplitude of the freestream velocity is larger at 4 Hz. The distribution at 40 Hz ( Figure  3(b) ) is also slightly more spread out than at 20 Hz, because of the larger phase lag due to unsteady term. Figure 4 describes the injectant distribution from two rows of inhne holes. In this the injectant distribution results from the superposition of the injectants from upstream and downstream holes. The injectant distribution is more spread out compared to the single row of holes because the injectant diffusion from the upstream row located at 'ID = -3 is already progressed. However, the concentration at the injectant core is higher than that from the single row of holes because the injectant from the upstream row suppress the diffusion of the injectant from the downstream row. Within the context of the inline arrangement, the diffusion rate again increases as the frequency 
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downstream and upstream holes are at z/D = 0 and 1.5, respectively. The injectant distribution is much more severely affected by the pulsation frequency compared to that with inline arrangement. Because of the phase lag between the two rows, the static pressure at the upstream hole can instantaneously be much higher than that at the downstream hole, and vice versa. Consequently, the instantaneous blowing ratio at the upstream hole can be much lower than that at the downstream hole, and vice versa. Thus, for the inline arrangement, the shape of the injectant is well preserved even at 40 Hz because the injectant from either one of the two rows has sufficient instantaneous blowing ratio which occupies the same trajectory. However, in the case of the staggered arrangement, the variation of the instantaneous blowing ratio at each row is directly reflected in the injectant distribution. Figure 6 shows the phase-averaged injectant distribution from the single row of holes at 40 Hz at every 1/8 of a pulsation period when the mean blowing ratio is 0.5. It is clearly seen that the instantaneous blowing ratio varies with the static pressure pulsations. The instantaneous blowing ratio decreases until 0.5r and then increases again back to initial state. Figure 7 corresponds to the injectant distribution in the case with inline arrangement. The distribution is more spread out compared to that from the single row of holes and also shows periodic behavior due to the static pressure pulsations. Compared to the time-averaged temperature contour for m = 1.0 shown in Figure 4 (d), the injectant trajectory is closer to the wall because m = 0.5. The phase lag between the two rows is observed in Figure 8 , which shows the time-resolved injectant distribution from the holes of the staggered arrangement. For Ut < 0.5, the injectant concentration from the upstream hole is higher than that from the downstream holes, and then the injectant concentration from the upstream hole decreases with time while that from the downstream holes increases. For ttr > 0.5, the instantaneous static pressure at the upstream hole is lower while it is higher at the downstream hole due to the phase lag between the two rows. Figure 9 shows the variation of the spanwise-averaged film cooling effectiveness in the streamwise direction for different hole arrangements when m = 1.0. Single-row data with no pulsation are compared with those of Goldstein et al. (1985) . Their data are at blowing ratio of 0.77 since the present actual blowing ratio is less than unity. In the case of staggered arrangement (Figure 9 (c) ), the present data are slightly lower compared to Goldstein's at their blowing ratio In general, the staggered arrangement shows better film effectiveness due to coverage than the other two cases. In the case of the single row, the effectiveness is reduced significantly because of the pulsations. A slight increase in the reduction of the effectiveness is observed as moving downstream due to the pulsations. However, the amount of reduction does not change much according to the frequency variation.
Phase-Averaged Temperature Contour
Spanwise-Averaged Film Cooling Effectiveness
The effectiveness for the inline arrangement (Figure 9(b) ) shows that the effect of the frequency is negligible except in the near-hole region. This is because of the accumulation effect of the injectant from upstream row on that from downstream row, and vice versa, even though the injectant from each row experiences periodic variation in the instantaneous blowing ratio.
The effect of pulsations on the film cooling effectiveness is clearly evident when the hole arrangement is staggered. The reduction of the film cooling effectiveness at 40 Hz compared to the nopulsation case is as much as 35% on the average over the streamwise which yields 43% reduction. Unlike the case of inline holes (Fig. 9b) , the phase lag between the staggered two rows directly affects the film coverage (Fig. 9c) . The reduction in the film cooling effectiveness from no pulsation to 4 Hz, and the reduction from 4 Hz to 20 Hz are significant compared to the reduction from 20 Hz to 40 Hz. This is because the pulsation amplitude at 4 Hz is much larger than that at 20 Hz. On the other hand, the difference in the amplitude between 20 and 40 Hz is small (see Figure 2(a) ). 
CONCLUSIONS
Experimental results are presented which describes the effect bulk flow pulsations on the film injectant concentration distributions and the film cooling effectiveness. Three film hole configurations are considered: 1) single row; 2) two rows of Udine holes; and 3) two rows of staggered holes. Some important observations are noted and summarized below. ,
1) The diffusion rate of the injectant is dramatically increases as the • pulsation frequency increases. The injectant concentration distribution at higher frequency is less concentrated and more spread out.
2) The effect of the phase lag between two rows is evidenced from the time-resolved measurements, particularly in the case of staggered hole arrangement.
3) In the case of inline arrangement, the effect of potential flow pulsation on the film cooling effectiveness is not so significant because of the compensating behavior of the injectant from each row. However, the pulsation effect appears dominantly in the case of staggered arrangement, which shows more than 35% reduction in the film cooling effectiveness.
4) The amplitude of the pulsation is also an important parameter as well as frequency which causes significant changes to the film cooling effectiveness.
